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ABSTRACT Rapid identification of antimicrobial resistance (AMR) profiles and
mechanisms is critical for clinical management and drug development. However, the
current AMR detection approaches take up to 48 h to obtain a result. Here, we dem-
onstrate a Raman spectroscopy-based metabolomic approach to rapidly determine
the AMR profile of Campylobacter jejuni, a major cause of foodborne gastroenteritis
worldwide. C. jejuni isolates with susceptible and resistant traits to ampicillin and tet-
racycline were subjected to different antibiotic concentrations for 5 h, followed by
Raman spectral collection and chemometric analysis (i.e., second-derivative transfor-
mation analysis, hierarchical clustering analysis [HCA], and principal-component anal-
ysis [PCA]). The MICs obtained by Raman-2nd derivative transformation agreed with
the reference agar dilution method for all isolates. The AMR profile of C. jejuni was
accurately classified by Raman-HCA after treating bacteria with antibiotics at clinical
susceptible and resistant breakpoints. According to PCA loading plots, susceptible
and resistant strains showed different Raman metabolomic patterns for antibiotics.
Ampicillin-resistant isolates had distinctive Raman signatures of peptidoglycan, which
is related to cell wall synthesis. The ratio of saturated to unsaturated fatty acids in
the lipid membrane layer of ampicillin-resistant isolates was higher than in suscepti-
ble ones, indicating more rigid envelope structure under ampicillin treatment. In
comparison, tetracycline-resistant isolates exhibited prominent Raman spectral fea-
tures associated with proteins and nucleic acids, demonstrating more active protein
synthesis than susceptible strains with the presence of tetracycline. Taken together,
Raman spectroscopy is a powerful metabolic fingerprinting technique for simultane-
ously revealing the AMR profiles and mechanisms of foodborne pathogens.

IMPORTANCE Metabolism plays the central role in bacteria to mediate the early
response against antibiotics and demonstrate antimicrobial resistance (AMR).
Understanding the whole-cell metabolite profiles gives rise to a more complete AMR
mechanism insight. In this study, we have applied Raman spectroscopy and chemo-
metrics to achieve a rapid, accurate, and easy-to-operate investigation of bacterial
AMR profiles and mechanisms. Raman spectroscopy reduced the analysis time by an
order of magnitude to obtain the same results achieved through traditional culture-
based antimicrobial susceptibility approaches. It offers great benefits as a high-
throughput screening method in food chain surveillance and clinical diagnostics.
Meanwhile, the AMR mechanisms toward two representative antibiotic classes,
namely, ampicillin and tetracycline, were revealed by Raman spectroscopy at the
metabolome level. This approach is based on bacterial phenotypic responses to anti-
biotics, providing information complementary to that obtained by conventional
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genetic methods such as genome sequencing. The knowledge obtained from Raman
metabolomic data can be used in drug discovery and pathogen intervention.

KEYWORDS antimicrobial resistance, Raman spectroscopy, metabolomics,
chemometric analysis, food safety, Campylobacter jejuni

C ampylobacter jejuni is the most commonly reported bacterial pathogen for human
zoonosis and causes a spectrum of diseases, from gastroenteritis to postinfectious

complications such as Guillain-Barré syndrome (1–4). Although most Campylobacter
infections are self-limiting, antibiotic therapies are required for immunocompromised
patients and those with extraintestinal infections (e.g., bacteremia and meningitis).
However, antimicrobial resistance (AMR) of Campylobacter has recently reached alarm-
ing levels and led to the failure and extension of clinical treatments (5, 6). For instance,
approximately half of the clinical C. jejuni isolates were determined to be resistant to
tetracycline and ampicillin, commonly used in empirical prescriptions for foodborne
pathogen infections (7, 8).

To address the rising threat of AMR, several approaches have been attempted, such as
improving diagnostics to guide antibiotic usage, establishing surveillance systems from the
One Health perspective that involves the human, environment, and agri-food sectors, and
developing new antimicrobials (9–11). One of the key issues for identifying Campylobacter
AMR profiles is that the conventional culture-based antimicrobial susceptibility testing (AST)
is time-consuming (;48 h) and labor-intensive (7). The gold standard method is not efficient
for urgent disease diagnostics and national surveillance systems. Furthermore, understand-
ing AMR mechanisms provides clues to develop novel antimicrobial drugs, especially AMR
breakers (e.g., b-lactamase inhibitors to combat ampicillin-resistant bacteria) (12, 13).
Current AMR mechanism investigations utilize gene cloning and genome sequence analyses
to identify AMR determinants, requiring tedious experimental design and high-cost facilities
(14–16). For instance, whole-genome sequencing was recently applied to identify AMR
genes and predict the AMR of C. jejuni with a high degree of accuracy (up to 99%) (17, 18).
However, the high cost and limited speed of inferring AMR from sequence data remain the
major challenges to the widespread adoption of whole-genome sequencing (WGS)-based
AST in the clinical settings (19). Therefore, a rapid and easy-to-use approach is required to
improve the efficiency of diagnostics and mechanism discovery.

Raman spectroscopy has emerged as a nondestructive tool for cellular metabolomic
profiling, with a spectrum acquisition time of a few seconds (20–23). A Raman spectrum
describes vibrational signatures of molecules in bacteria, thereby deciphering the complete
molecular composition of the entire cell. For example, Raman spectroscopy was recently
used to monitor bacterial metabolite patterns upon antimicrobial treatments, revealing the
antimicrobial susceptibility or antimicrobial modes of action (24–26). The biochemical fea-
tures of Campylobacter have been revealed by Raman spectroscopy after exposing the
bacteria to a diverse panel of antimicrobials, including antibiotics (27), garlic-derived organo-
sulfur compounds (28), metal oxide nanoparticles (e.g., TiO2, Al2O3, and ZnO) (29, 30), and
essential oils (31). However, to our knowledge, no studies have utilized Raman spectroscopy
to investigate AMR mechanisms in Campylobacter.

Here, we developed a novel antimicrobial susceptibility test (AST) for C. jejuni that
not only determines the bacterial AMR profile but also identifies potential AMR-
associated metabolic fingerprinting. Antimicrobial-susceptible and -resistant C. jejuni isolates
were treated with two representative antibiotics with distinct modes of action (i.e., ampicillin
and tetracycline). Bacterial phenotypic responses to antibiotics were investigated by a
Raman-based metabolomic approach. Chemometric analyses were applied to extract bacte-
rial biochemical information from Raman spectra to determine the MICs for tested strains
and decipher the corresponding AMR metabolites.

RESULTS AND DISCUSSION
Determination of MICs by Raman spectroscopy-chemometric analysis. We

investigated the feasibility of using Raman spectroscopy to determine the MICs of
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different drug classes in C. jejuni. Ampicillin and tetracycline were selected as the repre-
sentative antibiotics because of the high occurrence of resistance to these drugs
(;50%) in C. jejuni strains isolated from both clinical and agri-food settings (7). Both
antibiotics were routinely tested on Campylobacter isolates in national AMR surveil-
lance systems, such as the Canadian Integrated Program for Antimicrobial Resistance
Surveillance (CIPARS) (32). For each drug, both antibiotic-susceptible and antibiotic-re-
sistant strains, namely, F38011 (ampicillin- and tetracycline-susceptible strain), 1463
(ampicillin-resistant strain), and 1143 (tetracycline-susceptible strain), were included in
the Raman-based MIC test. To determine their MIC values, these bacteria were exposed
to a range of antibiotic concentrations for 5 h, followed by Raman spectrum acquisition
for 1min. It is known that C. jejuni cells experience distinctive damage levels and stress
responses at different antibiotic concentrations. Therefore, an alteration of Raman
spectral features could be expected when the antimicrobial concentration increases
from 0mg/liter to a value above the MICs.

Figure 1 shows the Raman spectra of C. jejuni exposed to various concentrations of
ampicillin. The developed method provided reproducible spectra as a narrow gray
region, indicating that the low standard deviations were around the mean spectra of
each test group (Fig. 1a and c). We observed a decrease in peak intensity at 723 cm21

(adenine) and 778 cm21 (uracil) when ampicillin concentrations increased (Fig. 1a and
c) (33, 34). Compared to the positive control, the ampicillin-susceptible strain F38011
displayed significant peak reductions (P, 0.05) at 723 and 778 cm21 when the ampicil-
lin concentration was above 2mg/liter, while the ampicillin-resistant strain 1463
showed significantly reduced peaks (P, 0.05) at 256mg/liter (see Fig. S1 in the supple-
mental material). Less intensive DNA/RNA base-related peaks indicated the inhibition
of bacterial growth at certain ampicillin levels. Similar trends were reported in previous
studies on other bacteria, such as Escherichia coli and Lactobacillus lactis (35, 36). Other
than these two Raman peaks, spectra appeared to be very similar in the remaining
regions (Fig. 1a and c).

To better illustrate the variations between treatment groups, we applied PCA to the
entire Raman spectral region (400 to 1,800 cm21). PCA reduces the dimensions of mul-
tivariate data sets into a small batch of uncorrelated variables, called principal compo-
nents (PCs), while maintaining most of the variations in the data set. By using a few
PCs, each sample is represented by relatively fewer variables (i.e., PCs) instead of thou-
sands of original variables (i.e., Raman shifts). As a result, samples can be plotted by
using the first two or three PCs that represent the most variances, making it possible
to visually assess the differences among samples and determine if samples can be
grouped (37). As an unsupervised classification method, PCA explores spectral variance
patterns without referring to prior knowledge about whether the samples belong to
different groups or have phenotypic differences (37), leading to a less biased result.

In the conventional culture-based AST, MIC is defined as the lowest antibiotic con-
centration that causes a visible bacterial population reduction. Phenotypic variance is
expected to exist between the positive-control group (i.e., without antibiotics) and the
MIC-treated group, whereas sub-MIC groups are indistinguishable from the nontreated
group. Similarly, we hypothesized that the MIC determined by the Raman-PCA method
should be the lowest antibiotic concentration that forms a cluster separated from the
positive-control group in the PCA score plot (Fig. 1 and 2). To identify the clusters, the
color shade of each treatment group was drawn based on the mean6 2 standard devi-
ations in all three PCs, representing a 95% confidence limit. Two clusters not overlap-
ping indicated that the two clusters were significantly different (P, 0.05). Figure 1b
and d demonstrate the PCA score plots for the ampicillin test. Each scattered data
point was labeled with the corresponding antibiotic concentration. For ampicillin-sus-
ceptible strain F38011, a clear cluster separation was obtained between untreated cells
and cells treated with 1 to 8mg/liter ampicillin (Fig. 1b). The overlap between the con-
trol group and the group treated with a lower concentration of ampicillin (i.e., 0.5mg/
liter) suggested that there are negligible differences between their Raman spectra.
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Therefore, the MIC of ampicillin for F38011 was determined to be 1mg/liter based on
the Raman-PCA method. For the ampicillin-resistant strain 1463, the MIC of ampicillin
was identified to be 256mg/liter, as this treatment group was segregated from other
groups with concentrations lower than 128mg/liter (Fig. 1d). To validate the accuracy
of the Raman-PCA approach, the MICs were compared to those determined by the
standard agar dilution method (7). If the MICs obtained by the reference and the newly
developed methods are within a 2-fold dilution range, essential agreement between
the two methods is regarded to have been achieved (38). The Raman-PCA reported a
MIC comparable to that of the agar dilution method for the ampicillin-susceptible
strain but a 4-fold higher MIC for the resistant strain (Table 1). However, both methods
resulted in the same AMR profile category (i.e., resistant) when comparing the MICs to
CLSI breakpoints (Table 1).

With the tetracycline MIC test, no apparent difference could be identified from the
averaged Raman spectra (Fig. S2); therefore, we applied the Raman-PCA method to visu-
ally assess the MICs. The PCA score plots (Fig. 2) illustrated that tetracycline MICs were
0.06mg/liter and 64mg/liter for the susceptible strain (F38011) and the resistant strain
(1143), respectively. For the susceptible strain, the MICs of tetracycline determined by
Raman-PCA were consistent with those obtained by the reference method within a 2-
fold dilution range (Table 1), reaching essential agreement with the reference method
(38). Similar to the results for ampicillin, the Raman-PCA method reported a 4-fold higher
MIC for tetracycline-resistant strains than the agar dilution method (Table 1).

Regardless of antibiotic class, Raman-PCA predicted a 4 times higher MIC value
than the standard agar dilution method for resistant strains. The discrepancy of MICs
was not solely caused by a shorter antibiotic treatment time for Raman-PCA (i.e., 5 h
versus 48 h), since the amount of viable tetracycline-resistant bacteria was already sig-
nificantly reduced (P, 0.05) after a 5-h incubation at the reference MIC value (Fig. S3).
Noticeably, both resistant strains had MICs around their resistant breakpoints, namely,

FIG 1 Determination of ampicillin MICs for C. jejuni using Raman spectroscopy-PCA. (a and b) Averaged Raman spectra (a) and PCA score
plot (b) associated with a susceptible isolate, C. jejuni F38011, after treatments with ampicillin concentrations of 0, 0.5, 1, 2, 4, and 8mg/liter.
a.u., arbitrary units. (c and d) Averaged Raman spectra (c) and PCA (d) for a resistant isolate, C. jejuni 1463, after treatments with ampicillin
concentrations of 0, 8, 32, 64, 128, and 256mg/liter. Arrows in panels a and c indicate the significant changes in Raman spectral patterns. (b
and d) Colored shades in PCA score plots were drawn as visual aids to illustrate the clusters of each group. It was calculated as the
mean6 2 standard deviations, representing a confidence limit of 95%. The MIC in the Raman-PCA method is defined as the lowest
antibiotic concentration that induces Raman spectral changes compared to the positive-control group (i.e., green cluster). In plots shown in
panels b and d, the MICs determined by Raman-PCA were 1mg/liter and 256mg/liter, respectively.

Ma et al. Applied and Environmental Microbiology

June 2021 Volume 87 Issue 12 e00388-21 aem.asm.org 4

https://aem.asm.org


equal or 2-fold higher values (Table 1). Similar results were reported in a previous study
of clinical E. coli isolates (39). The authors proposed that multiple AMR mechanisms (e.
g., more efflux pumps to extrude antibiotics) contribute to slower responses of bacte-
rial strains resistant to antibiotic treatments, resulting in less significant alterations in
Raman spectral features (39).

To further enhance the sensitivity of the Raman-based approach, we carried out a
second-derivative transformation analysis to amplify minor spectral alterations and,
thus, compensated for the potentially slower responses in the resistant strains. When a
Raman peak responds to the antibiotic treatment, its inflection point (i.e., second
derivative = 0) in the plot of Raman intensity versus antibiotic concentration indicates
the antibiotic concentration that causes the maximal rate of Raman signal variation
(i.e., the first-derivative Raman signal is a local maximum or local minimum). Figure 3
shows the second derivative of the Raman spectra with respect to the antibiotic con-
centrations. Regions with a positive second derivative (red color) indicate that Raman
intensity is concave upward, while a negative second derivative (blue color) indicates
that Raman intensity is concave downward. The averaged values of the inflection
points over the region between 400 cm21 and 1,800 cm21 are marked by a black solid
line in Fig. 3, and their values are summarized in Table 1. We found that the averaged
inflection points agreed with the MICs determined by the agar dilution method within
a 2-fold difference. In other words, essential agreement was achieved between the
Raman-2nd derivative method and the agar dilution method for all the tested strains (38).
Taken together, our studies demonstrated that the Raman-2nd derivative transformation
analysis potentially provides an alternative method to determine the MICs for C. jejuni.

Antibiotic susceptibility profiles of C. jejuni determined by Raman-HCA. To
improve the analysis throughput, we further explored if the Raman-based metabolomic
approach could directly identify bacterial AMR categories without exposing bacteria to

FIG 2 Determination of tetracycline MICs for C. jejuni using Raman spectroscopy-PCA. (a) PCA score
plot associated with a susceptible isolate, C. jejuni F38011, after treatments with tetracycline
concentrations of 0, 0.03, 0.06, 0.125, and 0.25mg/liter. (b) PCA score plot for the resistant isolate C.
jejuni 1143 after treatments with tetracycline concentrations of 0, 4, 16, 32, and 64mg/liter. Colored
shading is used as a visual aid to illustrate the clusters of each group. It was calculated as the
mean6 2 standard deviations, representing a confidence limit of 95%. The MIC in the Raman-PCA
method is defined as the lowest antibiotic concentration that induces Raman spectral changes
compared to the positive-control group (i.e., green cluster). The MICs determined by Raman-PCA
were 0.06mg/liter and 64mg/liter, respectively.
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serial 2-fold-diluted antibiotics. Instead of testing bacterial MICs with a wide range of an-
tibiotic concentrations, we incubated C. jejuni with antibiotics at CLSI susceptible and
resistant breakpoints. Bacterial samples in the absence of antibiotics were used as a posi-
tive control. Hierarchical clustering analysis (HCA) was performed to calculate the dissim-
ilarity among sample groups. A susceptible strain is defined if all spectral replicates
(n=9) within the positive-control group are closely clustered and separated from both
antibiotic treatment groups (i.e., MIC less than or equal to the CLSI susceptible break-
point). On the other hand, a strain is defined as resistant if the spectra overlap (i.e., MIC

FIG 3 Determining the MICs in C. jejuni using Raman spectroscopy-2nd derivative transformation analysis. (a) Ampicillin test for susceptible
isolate C. jejuni F38011; (b) ampicillin test for resistant isolate C. jejuni 1463; (c) tetracycline test for susceptible isolate C. jejuni F38011; (d)
tetracycline test for resistant isolate C. jejuni 1143. The intensity in the color map represents the second-derivative values of Raman spectral
intensity with respect to the antibiotic concentration. Regions with a positive second derivative (red color) indicate that the Raman intensity
is concave upward; regions with a negative second derivative (blue color) indicate that the Raman intensity is concave downward; and
second derivative at a value of 0 (green color) indicates an infection point, where the Raman intensity change reaches either local maximum
or local minimum. The vertical black lines show the averaged values of the infection points over the whole spectral region (400 to
1,800 cm21). This averaged concentration was rounded up to the closest labeled antibiotic concentration and reported as the MIC obtained
from Raman-2nd derivative transformation analysis.

TABLE 1 Summary of MICs in Campylobacter jejuni strains by the reference agar dilution
method and Raman-chemometric methods

Antibiotic Strain
Isolation
source

AMR
profilea

MIC (mg/liter)

Agar
dilution

Raman-
PCAb

Raman-
2nd
derivative

Ampicillin F38011 Clinical S 2 1 2
1463 Quail R 64 256* 32

Tetracycline F38011 Clinical S 0.125 0.06 0.06
1143 Chicken R 16 64* 16

aAMR profile was determined by the agar dilution method according to the protocol of the CLSI (60). The MIC
breakpoints for ampicillin-susceptible (S) and -resistant (R) strains are 8 and 32mg/liter, respectively (59). The
MIC breakpoints for tetracycline-susceptible and -resistant strains are 4 and 16mg/liter, respectively (60).

bEssential agreement is a critical indicator to verify the performance of a new approach. Essential agreement is
achieved when MIC values obtained from the reference method and the newly developed approach are the
same or within a 2-fold difference (38). The MIC values marked with an asterisk indicate that essential
agreement was not achieved between the reference method and Raman spectroscopic-chemometric method.
In other words, MICs determined by two methods were above a 2-fold dilution range.
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greater than or equal to the CLSI resistant breakpoint). The HCA dendrograms showed
clear segregation of the untreated and treated groups for ampicillin- and tetracycline-
susceptible strain F38011 (Fig. 4a and c), leading to correct classification for the suscepti-
ble strain. For C. jejuni 1463 and 1143, the dissimilarities (i.e., Euclidean distances)
between the groups (i.e., cells treated at 0mg/liter, CLSI susceptible breakpoint, and CLSI
resistant breakpoint) were lower than those of within-group counterparts (Fig. 4b and
d). This result indicated that both C. jejuni 1463 and C. jejuni 1143 were regarded as re-
sistant strains by the Raman-HCA method, which agreed with the AMR profiles deter-
mined by the conventional agar dilution method (Table 1). Therefore, Raman-HCA is a
promising tool for determining the AMR categories of C. jejuni strains.

AMR mechanisms revealed by Raman signatures. Besides rapid diagnostics of
AMR pathogens, understanding the AMR mechanisms is of great importance to com-
bating the AMR crisis, because they may provide insights for drug development and
intervention measures. We implemented PCA loading plots to extract specific Raman
peaks that were attributed to the differentiation of antibiotic-susceptible and -resistant
C. jejuni strains. Briefly, PCA was performed for Raman spectra that were collected from
the nontreated group as well as bacteria treated with antibiotics at CLSI susceptible
and resistant breakpoints. We first assessed if there were any differences between
Raman spectral features collected from susceptible and resistant strains after the same
antibiotic treatment. According to the PCA score plots (Fig. 5a and b), similar results
were identified for both ampicillin and tetracycline tests. After incubation at CLSI

FIG 4 Hierarchical cluster analysis (HCA) for the determination for antibiotic susceptibility profiles for C. jejuni. (a) Ampicillin test for susceptible isolate C.
jejuni F38011; (b) ampicillin test for resistant isolate C. jejuni 1463; (c) tetracycline test for susceptible isolate C. jejuni F38011; (d) tetracycline test for
resistant isolate C. jejuni 1143. Samples labeled with PC, bpS, and bpR represent antibiotic treatments at concentrations of 0 mg/liter (green bar with a
diagonal strip pattern), CLSI susceptible breakpoint (blue bar), and CLSI resistant breakpoint (red bar), respectively. Each treatment group had 9 replicates
of Raman spectra. The Euclidean distance between each pair of spectra was calculated and used as the criterion to determine the spectral dissimilarity. A
shorter Euclidean distance indicates a higher level of similarity. In the HCA-Raman method, C. jejuni isolates were regarded as susceptible strains if the
untreated group (green bar with a diagonal strip pattern) clustered together but were separated from the antibiotic-treated samples (blue and red bars),
while resistant strains were defined if all treatment groups were mixed together.
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susceptible and resistant breakpoints for 5 h, the antibiotic-susceptible strain (F38011)
formed a tight cluster and separated from the antibiotic-resistant strains (1463 and
1143) (Fig. 5a and b), indicating that different physiological behaviors existed in these
two types of strains, as determined by the Raman-based approach. Meanwhile, an
overlap was observed between the clusters of susceptible and resistant strains if they
were not treated with any antibiotics (Fig. 5a and b). Thus, the differentiation between
susceptible and resistant strains was attributed to bacterial responses against antibiot-
ics rather than their natural biochemical compositions. Raman spectroscopy has shown
its ability to discriminate the phenotypic diversity of Campylobacter at the species level
(40–42), but to our knowledge, no studies have yet focused on strain-level diversity.
Although the original phenotypic differences at the strain level might be negligible
(Fig. 5a and b), future studies need to be performed to confirm if the Raman-chemometric
approach can be applied to a more diverse range of C. jejuni strains.

FIG 5 Principal-component analysis (PCA) for distinguishing resistant C. jejuni strains from susceptible strains (n= 9). Three-dimensional PCA score plots for
the ampicillin (a) and tetracycline (b) studies are shown. Both susceptible (in blue) and resistant (in red) strains were treated with defined antibiotics at
0mg/liter (negative control; NC), the CLSI susceptible breakpoint (bpS), and the CLSI resistant breakpoint (bpR). In panels a and b, black dotted lines
indicate the separate clusters of susceptible and resistant strains after a 5-h antibiotic treatment, demonstrating the successful differentiation between
susceptible and resistant strains. Histogram plots were constructed to demonstrate the distribution of ampicillin-treated strains (c) and tetracycline-treated
strains (d) along with principal component 1 (PC1). Student's t test was carried out to determine the statistical difference between PC1 scores of antibiotic-treated
susceptible strains and resistant strains (*, P, 0.001). Loading plots of PC1 for ampicillin test and tetracycline test are shown in panels e and f, respectively.
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Interestingly, a trend with increased resistance in C. jejuni could be observed along
with an increase in PC1, which explained more than 50% of the total spectral variances in
the data set (Fig. 5a to d). Ampicillin-treated susceptible and resistant strains were distrib-
uted at the negative and positive values of PC1, respectively (Fig. 5c). In the tetracycline
treatment (Fig. 5d), 14 out of 18 Raman spectra that were collected from the tetracycline-
treated susceptible strain F38011 showed lower PC1 scores than the resistant strain 1143.
Regardless of antibiotic class, a significant difference (P, 0.001, Student's t test) was iden-
tified between PC1 scores obtained from antibiotic-treated susceptible and resistant
strains (Fig. 5c and d). Since PC1 was positively correlated with a bacterial AMR profile, we
constructed PC1 loading plots to extract specific Raman shifts that contributed to bacterial
resistance. In Fig. 5e and f, maxima highlighted Raman peaks that were more pronounced
in resistant strains, whereas minima depicted Raman peaks that were more associated
with susceptible strains. Loading plots of the ampicillin and tetracycline tests exhibited dif-
ferent patterns (Fig. 5e and Fig. 5f), suggesting that the corresponding resistant strains
employed distinctive resistant mechanisms. Tentative Raman peak assignments are listed
in Tables 2 and 3 for ampicillin and tetracycline tests, respectively.

Ampicillin is one of the b-lactam antibiotics, which inhibit bacterial cell wall syn-
thesis. This drug binds to penicillin-binding proteins in the inner membrane of the bac-
terial cell wall and interrupts the cross-linkage of peptidoglycan chains (43). As a result,
the newly synthesized bacterial cell wall is no longer cross-linked and cannot maintain
its strength and rigidity, eventually resulting in cell lysis. To survive under antibiotic
stress, ampicillin-resistant strains are expected to have advanced strategies to maintain
their cell envelopes. As shown in Fig. 5e, the peak at 1,578 cm21 had a relatively large
and positive PC1 coefficient, indicating its weighting in PC1. Previous studies demon-
strated that the peak at 1,578 cm21 might have contributions from both the ring
modes of nucleic acids (44) and the C-O mode of peptidoglycan (45, 46). Berezin and
coauthors used tip-enhanced Raman spectroscopy (TERS) to study the composition of
bacterial cell walls and identified an enhanced Raman signal at 1,578 cm21 when the
TERS tip was localized at the cell wall (46). These results were consistent with the cur-
rent study, indicating that a higher PC1 coefficient at 1,578 cm21 for ampicillin-resistant
strain 1463 than that of susceptible strain F38011 is due to a stronger formation of
peptidoglycan in the C. jejuni cell wall. Lipid-associated peaks at 1,221 cm21 and 1,657
cm21 also had positive PC1 correlation coefficients (Fig. 5e), indicating that more lipid
components are present in the cell envelope of the ampicillin-resistant strain than in
the cell envelope of the susceptible strain (33, 47). Moreover, the PC1 coefficient at
1,221 cm21 (CH bending mode in lipid) was about 2-fold higher than that at 1,657
cm21 (C=C stretching mode in lipid), as shown in Fig. 5e. A higher PC1 coefficient rep-
resents a more prominent change in bacterial composition. In this case, we speculated

TABLE 2Molecular assignments of representative Raman peaks associated with ampicillin resistance mechanisms determined by Raman
spectroscopy-based metabolomic approach

Wavenumber (cm21) Tentative peak assignment Content Reference(s)
723 Adenine ring breathing Nucleic acid 47
778 Uracil, cytosine, thymine Nucleic acid 34
849 Guanine, valine Protein 33
1,000 Phenylalanine ring breathing Protein 47
1,030 Phenylalanine, tyrosine Protein 47
1,100 Symmetric phosphate stretching Nucleic acid 47
1,221 CH bending in lipid Lipid 47
1,250 Amide III Protein 49
1,371 Pyruvate Carbohydrate 33
1,436 Arginine Protein 33
1,578 C-O vibration mode of peptidoglycan/ring stretching

mode of adenine and guanine
Peptidoglycan/nucleic acid 44, 45

1,657 C=C stretching Unsaturated fatty acid/lipid 47
1,690 Cytosine/amide I Nucleic acid/protein 33, 50
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that the ratio of saturated to unsaturated fatty acids potentially increased in the cell
membranes of ampicillin-resistant strains, leading to a more rigid membrane structure.
The alterations in membrane composition were previously reported as one of the most
important adaptive mechanisms in bacteria when exposed to toxic compounds (48).
Bacteria tend to increase the saturation level (i.e., rigidification) of membrane phospho-
lipids so that less-toxic compounds can penetrate through the cell membrane.
Furthermore, a shoulder peak at 1,250 cm21 and a peak at 1,690 cm21 (Fig. 5e) are
possibly attributed to the amide III band and amide I band of proteins, respectively
(49, 50). It is well-known that overexpression of cmeABC-encoded efflux pumps on cell
membranes plays a critical role in multidrug resistance of C. jejuni (16, 43). This might
explain the increased protein content in the ampicillin-resistant strain 1463. Most of
the other positive peaks potentially are associated with nucleic acids (723, 778, 1,100,
and 1,690 cm21) and pyruvate (1,371 cm21), which are regarded as indicators of active
bacterial growth (33, 34, 39, 47, 51). On the other hand, negative peaks at 849, 1,000,
1,030, and 1,436 cm21 are all related to amino acids and proteins, as shown in
Fig. 5e (33, 47). The negative PC1 coefficients implied that larger amounts of amino
acids and proteins are accumulated in ampicillin-sensitive strains than in resistant
strains. The enhanced synthesis of amino acids and proteins in ampicillin-susceptible
strain F38011 might reflect bacterial stress responses to adverse conditions (e.g., ampi-
cillin treatment) (52).

Raman spectra suggested that the tetracycline resistance of C. jejuni is related to
the protein inhibitory effect and cell envelope integrity. Tetracyclines are widely used
for humans and animals due to their broad-spectrum antimicrobial effect targeting
both Gram-negative and Gram-positive bacteria (53). Tetracyclines can reversibly in-
hibit protein synthesis by preventing the association between aminoacyl-tRNA and the
30S subunit of ribosomes. In this study, our results suggested that tetracycline resist-
ance was related to protein and nucleic acid synthesis. In Fig. 5f, most prominent peaks
with positive PC1 coefficients are associated with proteins, including phenylalanine
(995, 1,030, 1,604 cm21), amide I band (1,666 cm21), amide III band (1,227 cm21), tryp-
tophan (620 cm21), and tyrosine (641 cm21) (35, 45, 47, 49, 54). The higher level of pro-
teins in tetracycline-resistant strain 1143 suggested a reduced protein inhibitory effect
of tetracycline. According to previous studies, two major resistance mechanisms con-
tribute to tetracycline resistance in Campylobacter, namely, antimicrobial extrusion by
efflux pumps and the synthesis of ribosomal protection protein TetO (14, 53, 55). Both
mechanisms involved protein-based bacterial structures (e.g., CmeABC efflux pump
and TetO) that may contribute to the relatively high intensity of protein-related Raman
peaks in the tetracycline-resistant strain 1143. A previous study observed an increase

TABLE 3Molecular assignments of representative Raman peaks associated with tetracycline resistance mechanisms determined by Raman
spectroscopy-based metabolomic approach

Wavenumber (cm21) Tentative peak assignment Content Reference
620 C-C twisting of tryptophan Protein 45
641 C-S stretching, C-C twisting of tyrosine Protein 54
837 Tyrosine Protein 58
865 Tryptophan Protein 33
995 Phenylalanine Protein 35
1,030 Tyrosine, phenylalanine Protein 47
1,206 N-Acetylglucosamine Cell wall 33
1,227 Adenine, thymine Nucleic acid 47

Amide III Protein
1,300 CH2 deformation Protein 54
1,322 C-N, N-H stretching in amide III, CH2, CH3 deformation Protein 45
1,358 Adenine, glycine Nucleic acid 47

CH deformation Protein
1,442 Glycine Protein 33
1,604 Phenylalanine Protein 54
1,666 Amide I Protein 49

Ma et al. Applied and Environmental Microbiology

June 2021 Volume 87 Issue 12 e00388-21 aem.asm.org 10

https://aem.asm.org


of amide III in tetracycline-treated E. coli by using infrared spectroscopy, and the
authors linked this effect to enhanced synthesis of transport proteins, such as efflux
pumps (35). Additionally, our study showed that the peak at 1,206 cm21 exhibited a
positive PC1 coefficient (Fig. 5f). This peak can be assigned to N-acetylglucosamine,
which is the building block of a bacterial cell wall (33). The relatively high cell wall con-
tent suggested that AMR is related to proper protein synthesis and cell envelope integ-
rity in the tetracycline-resistant strain 1143. Athamneh and others reported similar
results for E. coli, in which tetracycline treatment influenced both cell walls and protein
synthesis (56). Our results suggested that nucleic acid-related peaks (thymine, adenine,
1,227 cm21; glycine, 1,442 cm21) were positively related to tetracycline resistance
(Fig. 5f) (33). Our results were in good agreement with the mode of action of tetracy-
cline. As for the secondary consequence of protein synthesis inhibition by tetracycline,
the initiation of new rounds of DNA synthesis would be interrupted due to the lack of
necessary enzymes (57). In other words, tetracycline-resistant strains could have faster
DNA synthesis and, thus, more DNA content than susceptible strains when treated
with tetracycline. We also found several negative peaks that were related to proteins
(837, 865, 1,300, 1,322, and 1,358 cm21) and nucleic acids (1,358 cm21) (33, 45, 47, 54,
58), indicating that tetracycline-susceptible strain F38011 undergoes stress responses
to combat the inhibitory effects from tetracycline.

Conclusions. We developed a Raman-based metabolomic approach to determine
the MICs of antibiotics and AMR profiles for Campylobacter. When a C. jejuni isolate is
treated with antibiotics, its Raman spectra reveal the alteration of biochemical features
along with the change of antibiotic concentrations. As a result, the MICs or antimicro-
bial susceptibilities for C. jejuni can be determined by comparing Raman spectra of the
positive-control and treated groups without requirements for predeveloped models or
databases. The analysis can be completed within ;5 h, which is superior to the con-
ventional culture-based method, especially for fastidious and slow-growing bacteria.
This high-throughput AST method has the potential to identify multidrug-resistant
pathogens for timely diagnostics and medical prescriptions in health care settings.
Future studies will be conducted to further investigate the feasibility of Raman-chemo-
metric approaches for a diverse range of C. jejuni isolates as well as different antibiotic
classes (e.g., macrolides and fluoroquinolones) that are listed in the current AMR sur-
veillance systems (32). Furthermore, AMR mechanisms of Campylobacter were deci-
phered based on the rich biochemical information in the Raman metabolomic data.
The knowledge obtained from this study provides insights into AMR mechanisms that
can be used to develop either novel antimicrobials or combinational applications of
current antibiotics for synergetic antimicrobial effects.

MATERIALS ANDMETHODS
Antibiotics. Ampicillin sodium salt (purity, 95%) and tetracycline hydrochloride (purity, 98%) were

purchased from Millipore Sigma. Antibiotic stock solutions (6,400 mg/liter) were prepared in distilled
water and filtrated through 0.2-mm polyethersulfone (PES) syringe filters. Aliquots of sterilized antibiotic
solution were stored at 220°C and freshly thawed for individual experimental days.

Bacterial strains and cultivation conditions. C. jejuni strains F38011 (clinical isolate), 1143 (chicken
isolate), and 1463 (quail isolate) were used due to their distinct antimicrobial susceptibility profiles
(Table 1). Bacterial isolates were preserved at 280°C in cryogenic culture medium containing 20% glyc-
erol, 10% defibrinated sheep blood, and 70% bacterial culture in Mueller-Hinton broth (MHB; BD Difco).
For each independent experiment, a fresh bacterial culture was prepared by streaking ;50 ml of bacte-
rial glycerol stock onto Mueller-Hinton II agar plates (BD) supplemented with 5% defibrinated sheep
blood (MHBA). The incubation was performed at 37°C under microaerobic conditions for 48 h. Several C.
jejuni colonies on MHBA were then transferred into MHB and incubated at 37°C with constant shaking
(175 rpm) under microaerobic conditions. After cultivation for 16 h, overnight culture reached late log
phase for antibiotic tests.

MIC determination by the standard culture-based method. MICs of antibiotics for C. jejuni were
determined by the agar dilution method as described by the CLSI guidelines (59, 60). Bacterial AMR
profiles (i.e., susceptible or resistant) were determined based on CLSI breakpoints. As no ampicillin
breakpoints are available for Campylobacter, we used the breakpoints for Enterobacteriaceae instead
(59, 60). The results were used to validate the accuracy of MICs and AMR profiles obtained by the
Raman-based AST.
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Sample preparation for Raman-based AST. Serial 2-fold dilutions of antibiotics (4ml) were pre-
pared with MHB. Table S1 in the supplemental material summarizes the details of tested antibiotic con-
centrations, which were dependent on the type of antibiotics and AMR profiles of C. jejuni isolates.
Overnight culture of C. jejuni was diluted to an optical density at 600 nm (OD600) of 0.06 (equivalent to
2� 108 CFU/ml), and an aliquot (4ml) was mixed with defined concentrations of an antibiotic. Bacterial
culture without exposure to any antibiotics was considered the positive control. Each inoculated culture
was incubated for 5 h at 37°C with shaking at 175 rpm under microaerobic conditions. To monitor the
antibiotic inhibitory effect, viable bacterial cells were enumerated using the plating assay (61). Briefly,
bacterial samples were 10-fold serially diluted in 1� phosphate-buffered saline buffer (pH 7.4), and 10-
ml aliquots were streaked on MHBA plates. The MHBA plates were incubated at 37°C under microaerobic
conditions for 48 h. Following the incubation, colony numbers were counted and reported as the num-
ber of CFU per milliliter.

After antibiotic treatment, samples were harvested by centrifugation at 15,000� g for 3min. The su-
pernatant was discarded, and the remaining bacterial pellet was washed with sterile distilled water three
times to remove potentially interfering substances. The washed bacterial pellet was resuspended in dis-
tilled water. For Raman spectral acquisition, 2 ml of bacterial suspension was deposited onto a commer-
cial gold-coated microarray glass slide (BioGold; Thermo Fisher Scientific). This gold-coated glass slide
was selected as the Raman substrate because it effectively reduces the fluorescence background from
glass and barely contributes to the collected Raman spectra of bacterial samples (62, 63).

Raman spectral acquisition. Raman spectra were collected using a confocal Raman microscope
(inVia; Renishaw) coupled to a spectrograph with a grating of 1,200 lines/mm and a charge-coupled de-
vice (CCD) array detector with 578 by 385 pixels. A 785-nm laser (Renishaw) served as the excitation
source with an incident laser power of 15 mW. A 50� lens objective (numerical aperture, 0.75; Leica)
was used to focus the laser beam on bacterial samples and collect the backscattered Raman signal. The
scattered light was filtered by a long-pass filter before it entered the spectrograph and CCD. The spectral
resolution was 0.8 cm21. The wavenumber was calibrated using a silicon Raman peak at 520 cm21 to
ensure an accuracy of 61 cm21. Raman spectra were collected over the wavenumber region of 400 to
1,800 cm21. To obtain the desired signal-to-noise ratio, each Raman spectrum was acquired in 60 s.
Three Raman spectra were randomly collected from different spots of each bacterial sample, and the
experiment was independently conducted in triplicate, resulting in 9 individual spectra per treatment
group.

Spectral preprocessing and chemometric analyses. Spectral preprocessing included baseline re-
moval, smoothing, and normalization. The Vancouver Raman Algorithm v1.0.0 with a fifth-order polyno-
mial fitting was applied to all Raman spectra to remove the background signal caused by intrinsic fluo-
rescence (64, 65). Spectra were smoothed on OMNIC spectroscopy software (Thermo Fisher Scientific)
using a Savitzki-Golay filter with a 5-point-wide window and a 2nd-order polynomial fit. To reduce the
variation of cell density in bacterial samples, spectra were normalized against a Raman peak at 1,002
cm21, which is attributed to the ring breathing mode of phenylalanine (34). Normalization and the sub-
sequent chemometric analyses were completed on MATLAB version R2018b (The MathWorks, Inc.).

To determine the MICs for tested C. jejuni isolates, we carried out two chemometric methods, namely,
principal-component analysis (PCA) and second-derivative transformation analysis, on the preprocessed
and untransformed Raman spectra in the wavenumber range of 400 to 1,800 cm21. First, PCA was used to
distinguish the spectra from untreated and treated bacterial cells as a function of antibiotic concentration.
Three-dimensional (3D) PCA score plots were constructed to visualize the similarities and differences
between spectra. The MIC of an antibiotic for C. jejuni in the Raman-PCA method is defined as the lowest
antibiotic concentration that induces Raman spectral changes compared to the positive-control group (i.e.,
a separate cluster away from the positive-control group). The cluster of each group was drawn based on
the mean6 2 standard deviations, representing a confidence level of 95%. If two clusters are not overlap-
ping, they are regarded as significantly different groups (P , 0.05). In parallel, second-derivative transfor-
mation analyses were performed on the preprocessed Raman spectra to identify spectral differences
between antibiotic treatment groups. At each Raman shift, second-derivative transformation was applied
to Raman intensity as a function of antibiotic concentration. When the second-derivative-transformed
Raman intensity equaled 0 (i.e., the infection point), we recorded the corresponding antibiotic concentra-
tion for each Raman shift. Since the MIC reflects the overall profile (i.e., population level) of a bacterial
response to antibiotic treatment, we averaged the antibiotic concentrations at infection points from all
Raman shifts (400 to 1,800 cm21) and regarded that average as a Raman-based MIC value.

Hierarchical cluster analysis (HCA) was employed to classify the AMR profiles of C. jejuni isolates to
be either susceptible or resistant (26). We analyzed Raman spectra collected from three antibiotic treat-
ment groups, namely, untreated cells, cells treated at the CLSI susceptible breakpoint of antibiotics, and
cells treated at the CLSI resistant breakpoint of antibiotics. The Euclidean distance between each pair of
spectra was calculated and used as the criteria to determine the spectral dissimilarity. The single cluster-
ing algorithm was used to split samples into various hierarchical clusters based on their spectral distan-
ces. A dendrogram was generated to visualize spectral classification, where similar spectra would be
grouped into the neighboring branches. As a result, a susceptible strain was identified if the spectra of
untreated and treated groups were divided into two clusters, while a resistant strain was one whose
spectra from all three groups were interlaced.

To further investigate the molecule-based mechanisms of C. jejuni AMR using the Raman-based
metabolomic approach, we performed PCA on the preprocessed and untransformed spectra from both
susceptible and resistant isolates with and without antibiotics. Histogram plots were presented to visual-
ize the distribution of Raman spectra along principal components (PCs). Loading plots of principal

Ma et al. Applied and Environmental Microbiology

June 2021 Volume 87 Issue 12 e00388-21 aem.asm.org 12

https://aem.asm.org


components were created to identify the Raman shifts that indicate spectral variances between suscepti-
ble and resistant strains.

Statistical analysis. To demonstrate the typical Raman spectral pattern and reproducibility, the
mean 6 standard deviation of Raman spectra were calculated. Student's t test (two-tailed) was per-
formed to assess the statistical difference between PC1 scores of the antibiotic-treated susceptible and
resistant strains. One-way analysis of variance (ANOVA) followed by Games-Howell test was carried out
to determine whether C. jejuni strains treated with a range of ampicillin concentrations showed signifi-
cantly different Raman intensities at selected Raman bands. One-way ANOVA followed by Dunnett’s test
was used to determine statistical differences between bacterial cell counts of the positive-control and
antibiotic-treated groups. The statistical significance threshold was set at 95% (P, 0.05).

SUPPLEMENTAL MATERIAL
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